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CP violation in top-quark pair production and decay

Using T-odd correlations to search for CP violation from new 
physics in top-quark pair production and decay at the LHC
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Top-pair production at LHC

• The LHC is turning into a top-quark factory, opening up an era 
of precision measurements of top-quark properties.

• One important aspect of this program should be the search 
for CP violation (top cedm?)

• at LHC top-pair production occurs mostly through gluon fusion

• and decay within the SM follows:

4 

… and decay   

M. Aldaya 

dileptons (µ/e) ~ 6% 
2l + 2 b-jets + 2! 

Low rate, low background  

Main bkg: Drell-Yan 

µ/e + jets ~ 34% 
1l + 2 b-jets + 2 light-jets +1! 

Good rate, manageable bg  

Main background: W+jets 

all-hadronic ~ 46% 
High rate, huge bg 

Main background: QCD 

taus ~ 14% 
Low rate, high bg  

Main bkg: W+jets, QCD 

In Standard Model: 

~100% 

W decay modes define 
top final states 

XXVI Rencontres de la Vallee d'Aoste, 01.03.12 
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T-odd correlations

• For this configuration, CP violation would manifest itself via 
certain spin correlations that give rise to CP-odd triple 
product correlations involving lepton, jet and beam momenta.

• T-odd correlations change sign under `naive’-T (without 
interchange of initial/final states) so not always CP-odd
– CP-odd if they involve particle anti-particle pairs (or sums over them)

– CP-even but not at tree-level as they require a phase -- small and 
distinguishable `background’

• The momenta in the correlation can be that of a composite 
object (jet) reflecting observables that sum over processes 

• Within the SM CP violation in top-pair production/decay is 
extremely small, insuring that any observation would signal 
new physics.

Tuesday, July 3, 2012



G. Valencia (Iowa State), ICHEP Melbourne 2012

• the underlying T-odd correlations are spin correlations, 
different observables correspond to different spin 
analyzers

• covariant form of triple products

New physics and CP violation

ΓP

ΓD

ΓD̄

FIG. 2: Decomposition of tt̄ production and decay vertices with helicity amplitudes.

states or over the ! and ν polarizations for the case when the W decays leptonically. We
thus write

|M|2 =
(

π

mtΓt

)2

δ(p2
t − m2

t )δ(p
2
t̄ − m2

t )
∑

λ,λ′,σ,σ′

Tt(λ
′, λ)Tt̄(σ, σ′)TP (λ, σ, σ′, λ′) (3)

where we have defined the helicity factors

Tt(λ
′, λ) ≡

(

ūtλ′γ0Γ†
Dγ0/pbΓDutλ

)

Tt̄(σ, σ′) ≡
(

v̄t̄σΓD̄/pb̄γ
0Γ†

D̄
γ0vt̄σ′

)

TP (λ, σ, σ′, λ′) ≡
(

ūtλΓP vt̄σ v̄t̄σ′γ0Γ†
Pγ0utλ′

)

(4)

To proceed, we consider several cases separately in what follows.

III. CP VIOLATION IN THE PRODUCTION VERTEX

We first study CP violation in the production vertex, taking the decay vertices to proceed
as in the standard model. CP violation will be due to an effective dipole moment anomalous
coupling of the top-quark defined via the Lagrangian

Lcdm = −igs
d̃

2
t̄σµνγ5tG

µν (5)

where gs is the strong coupling constant and Gµν is the usual field strength tensor. This
Lagrangian leads to the following vertices (for incoming gluons that carry momentum q)

gtt̄ → −igs
λa

2

(

γµ + d̃σµνq
νγ5

)

ggtt̄ → i π αs [λb, λc] d̃σµνγ5. (6)

4

CP violation in the
production vertex

CP violation in the
decay vertex

ε(pt, pt̄, p!+ , p!−) ≡ εµναβpµ
t pν

t̄ pα
!+pβ

!−

ε(pt, pt̄, st, st̄)
ε(pt, pb, p!+ , st)

ε(pt̄, pb̄, p!− , st̄)
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CP odd triple-products
• Start from a T-odd correlation such as

• measure odd terms in the dσ/d    or an integrated counting 

asymmetry:

• Within the SM these CP violating observables are nearly 
zero, insuring that any observation would signal new physics.
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FIG. 1: Kinematics for the reaction H → tt̄ → bb̄W+W−. The t-quark momentum, !pt, defines the

z-axis. The t-quark decay defines the x − z plane and the t̄ decay plane forms an angle φ!!
b̄

with

respect to the t decay plane.

After this, the integration over phase space is straight-forward. Defining an integrated CP
odd observable Γ̂:

Γ̂ ≡
∫

dΓ(H → tt̄ → bb̄W+W−) sign(ε(pt, pt̄, pb, pb̄))

=
∫

dΓ(H → tt̄ → bb̄W+W−) sign(sin φ!!
b̄ ) (11)

we arrive at our normalized CP asymmetry,

ACP ≡
Γ̂

Γ
=

π

4
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|A|2+|B|2
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t
M2

H





 (12)

This normalized observable corresponds to the simple counting asymmetry

ACP ≡
Nevents($pb̄ · ($pb × $pt) > 0) − Nevents($pb̄ · ($pb × $pt) < 0)

Nevents($pb̄ · ($pb × $pt) > 0) + Nevents($pb̄ · ($pb × $pt) < 0)
(13)

in the Higgs rest frame.
Weinberg has shown that there are unitarity constraints on the size of the CP violating

couplings of the type of Eq. 1. For example, in the models discussed by Weinberg [8], the
product AB from Eq. 1 corresponds to what he calls Im Z2. Assuming that the lightest
neutral Higgs eigenstate dominates and that the different scalar vacuum expectation values
are comparable, Eqs. 49 or 52 of Ref. [8] then imply,

|AB| ≤
1√
2
. (14)

4

!pb̄

!pb
!pt

!pb × !pb̄

θ

|!pt|cosθ

t

t̄

b̄

W−

W+

b

In top pair center of mass for example:

O1 = ε(pt, pt̄, pb, pb̄)
(tt̄)cm−−−−→ ∝ "pt · ("pb × "pb̄)

CP−−→ −"pt̄ · (−"pb̄ ×−"pb) = −"pt · ("pb × "pb̄)

O1
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Some possible correlations 

Õ1!! = ε(pb, pb̄, pµ+ , pµ−) bb̄ CM−−−−→ ∝ "pb · ("pµ+ × "pµ−)

Õ2!! = q̃ · (pµ+ − pµ−) ε(pµ+ , pµ− , pb + pb̄, q̃)

Oa!! = q̃ · (pµ+ + pµ−) ε(pµ+ , pµ− , pb + pb̄, q̃)

O2!j = ε(P, pb + pb̄, p!, pj1)
lab−−→ ∝ ("pb + "pb̄) · ("p! × "pj1)

Oa!j = ε(P, pb − pb̄, p!, pj1)
lab−−→ ∝ ("pb − "pb̄) · ("p! × "pj1)

O5jj = ε(pb, pb̄, pj1, pj1′)
bb̄ CM−−−−→ ∝ "pb · ("pj1 × "pj1′)

O6jj = ε(pb, pb̄, pj1 + pj2, pj1′ + pj2′)
tt̄ CM−−−−→ ∝ ("pj1 + "pj2) · ("pb × "pb̄)

di-lepton channel, CP violation:

T-odd but CP even `unitarity’ phase:

lepton plus jets channel, CP violation (2) and T-odd phase (a):

hadronic channel, CP violation:

quadratic in beam direction, 

- Not always necessary to distinguish b from b,
- non-b jets can be ordered in any CP blind way, e.g. by pT

- j1, j1’ can be defined, e.g. as closest to b and b’ (no need for further id)

q̃
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Examples of new CP violating physics

• Anomalous top-quark couplings
– exhibit the correlations in the general case (including 

those between initial and final state momenta)
– contains examples that are truly CP odd and others that 

are not (due to unitarity phases)
– small asymmetries (anomalous couplings are small by 

assumption)

• Extended scalar sectors with CP violation
– large intrinsic asymmetry possible ~ 13%
– hard to extract 
– only one correlation (can’t involve beam momentum)

Tuesday, July 3, 2012
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quark edm (cedm)
• edms indicate T violation (and thus CP violation) 

• experimental limits on electron edm and neutron edm; for 
example dn < 2.9 x 10-26 e-cm

• for example models with scalars generate contributions such as

• speculate these can be large for heavy fermions

• perhaps heavy quarks (top) can have large (c)edm

dq, d̃q ∼ m3
q

H ∼ 1
2

e dq q̄σµνγ5q Fµν +
1
2

gs d̃q q̄σµνγ5taq Gµν
aedm cedm
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CP violating anomalous couplings
• Anomalous couplings

• Ones that produce CP-odd correlations in the mb=0 limit:
– top quark cedm

– t-b W:

• Constraints on these CP-odd observables (or observation) 
can be translated into bounds on the (chromo)-electric-
dipole moment (cedm) of the top-quark and/or f2R.

H ∼ 1
2
gsd̃t t̄σµνγ5λat Gµν

a

H ∼ i
g√
2
V !

tbf
R
2 b̄σµν(pt − pb)ν(1 + γ5)t Wµ

CP violation in the production vertex

• We consider that CP violation arises in the 

production vertex and let the decay vertices be  

standard model.

• CP violation arises due to an effective dipole 

moment anomalous coupling of the top quark (a 

Chromo-electric dipole moment).

4

ΓP

ΓD

ΓD̄

FIG. 2: Decomposition of tt̄ production and decay vertices with helicity amplitudes.
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where gs is the strong coupling constant and Gµν is the usual field strength tensor. This La-
grangian modifies the standard model top-quark couplings to gluons as follows (for incoming
gluons that carry momentum q)
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)
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The production factor becomes, summing over the gluon helicity λ1,2,
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1

4

g4
sCij

64

∑

λ1,λ2

MPi(λ1, λ2, λ, σ)M$
Pj(λ1, λ2, λ

′, σ′) (6)

4

Lagrangian for chromo-electric dipole moment  of top quark

Chromo-electric dipole moment

gluon field strength tensor

This langrangian modifies the SM couplings between top quark and gluons
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are well suited for implementation in simulations that use the narrow width approximation
for both the top-quark and W propagators.

II. MIXED HELICITY FRAMEWORK FOR gg → tt̄ → bb̄WW .

The dominant mechanism for production of tt̄ pairs at the LHC is gluon fusion and we
concentrate on it now. For this source of tt̄ pairs there are four relevant diagrams shown
in Figure 1 that we will consider. The first three diagrams are the usual s, t, u channels in
the SM. We will also consider the possibility of CP violation in the ttg vertex as described
below. In general, there is also a CP violating effective ttgg vertex, the fourth diagram. A

FIG. 1: Diagrams responsible for CP asymmetry in top-quark pair production via gluon fusion:

s-channel, t-channel, u-channel and seagull.

convenient way to calculate the CP asymmetry is to consider the process as in Figure 2 in
the parton CM frame and use a mixed method of helicity amplitudes and traces of Dirac
matrices as we described in Ref. [3]. The top-quark pair production by the four diagrams in
Figure 1 is represented by ΓP in Figure 2. The t and t̄ decays into bW are represented by
ΓD,D̄. We will consider two cases: first, we treat the W as a final state, an approximation
useful to describe hadronic W decays where no correlations involving the decay products of
the W are observed; and second, we allow the W to decay into !ν with a standard model
vertex. The amplitude can then be written schematically as

M = −
ūbΓD(/pt + mt)ΓP (−/pt̄ + mt)ΓD̄vb̄

(p2
t − m2

t )(p
2
t̄ − m2

t )
. (1)

We now split the production and decay processes using helicity amplitudes and replace the
numerator of the top-quark (and anti-top-quark) propagator with a sum over polarizations.
We work within the narrow-width approximation for the t and t̄ decays; and, therefore,
these polarization sums refer to on-shell tt̄ states. Notice, however, that this procedure
preserves the full spin correlations. As it turns out, the CP odd observable arises from the
interference of amplitudes in which the intermediate states have different helicities. Since the
b and the b̄ polarizations are not observable, we sum over them immediately after squaring
the amplitude. Similarly, we sum over the W polarization for the case of W final states or
over the ! and ν polarizations for the case when the W decays leptonically. We thus write

|M|2 =
(

π

mtΓt

)2

δ(p2
t − m2

t )δ(p
2
t̄ − m2

t )
∑
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′, λ)Tt̄(σ, σ′)TP (λ, σ, σ′, λ′) (2)
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Event generation 

• We use MadGraph for all signal and background events (FeynRules and `by 
hand’) - several checks were made using analytic results

• There are no background issues beyond those for top-pair selection 

– Known backgrounds:                                                                  are CP 
symmetric (in SM) and with CP-blind cuts cannot mimic the signal

– use some `typical’ selection cuts for our analysis. For example for dimuons, 
the cuts 

– reduce (S,B) from (4.3 pb, 24 pb) to (2.6 pb, 1.2 pb) and (2.3 pb, 0) 
respectively

– residual background simply dilutes the statistical sensitivity by factors 

• Find 5σ(stat) sensitivity to 3% asymmetries per 10 fb-1 at 14 TeV

QCD, V bb̄, V cc̄, V V, (V = W±, Z) · · ·

√
(B + S)/S

Numerical Analysis
• We replaced SM matrix-element square with the new (CPV) one 

in MADGRAPH.

• The major background for the process is due to                      with 
minimal acceptance cuts the cross-sections at the LHC are 4.3 pb 
and 24 pb for S and B respectively.

1

Tuesday, May 15, 2012

Numerical Analysis
• We replaced SM matrix-element square with the new (CPV) one 

in MADGRAPH.

• The major background for the process is due to                      with 
minimal acceptance cuts the cross-sections at the LHC are 4.3 pb 
and 24 pb for S and B respectively.

1
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Asymmetries translate into bounds 
on anomalous couplings

coupling

top cedm t → b decay

Sample theory 

Estimates

 <10-13   SM*

~10-6   H+*

 ~10-3  SUSY*

~0.003 (v.l multiplets)**

0.03 QCD& 

CP conserving, no phases. 
Phases occur at next 
order (with extra 
gluons)$

LHC with 10fb-1

at 14 TeV

5σsensitivity

0.05 ~ 0.10 (both CP  and/or 
strong phases)

f

€ 

1
mt

 

 
 

 

 
 

~

€ 

1
mt

 

 
 

 

 
 d

&Chong Sheng Li, Robert J. Oakes, Tzu Chiang Yuan Phys.Rev.D43:3759-3762,1991.

units

** Ibrahim, Nath PRD84 (2011) 015003

* David Atwood et. al. CP violation in top physics, Phys.Rept.347:1-222,20001.

3.0× 10−4 GeV−1 ↔ 0.05
mt

↔ 5× 10−18gs · cm

$Hagiwara K., Mawatari K. and Yokoya H., JHEP, 0712 (2007) 041
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CP violation in new Resonances

• Only possibility to get a CP odd correlation in the mb=0 limit, 
without new heavy fermions is a scalar resonance:

• In production it can be a color singlet or octet

• In decay doesn’t work as easily so ignore for now

Tuesday, July 3, 2012
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color octet scalars
• Scalar sector of SM extended with a color-octet 

electroweak-doublet (motivated by MFV)

• Yukawa sector

• Scalar potential

– α3 can be chosen to be 0

– custodial symmetry requires α4 = -α5

new CP phases

L = −
√

2
v

ηU eiαU ŪRTAM̂uUL SA0 + h.c. + · · ·

V =
λ

4

(
H†iHi −

v2

2

)2

+ 2m2
sTr S†iSi + λ1H

†iHiTr S†jSj + λ2H
†iHjTr S†jSi

+
[
λ3e

iα3H†iH†jTr SiSj + λ4e
iα4H†iTr S†jSjSi + λ5e

iα5H†iTr S†jSiSj + h.c
]
+ λ6Tr S†iSiS

†jSj + · · ·
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t

t̄

t

t̄

Sa
R

Sa
I

i (aR,I + ibR,I γ5) TA

4 i
(

F a
R,I (q2µq1ν − q1 · q2 gµν) + F b

R,I εµναβqα
1 qβ

2

)

dABC

g(q1, µ)

g(q2, ν)

Sa
ISa

R

g(q1, µ)

g(q2, ν)

FIG. 1: Feynman Rules.

The couplings to the top-quark occur at tree-level and they contain CP violation origi-
nating in the new phase η̃U . They are given by

SA0
R − tt̄ : i(aR + ibRγ5) = −iη̃U

mt

v
(cosαu − i sin αuγ5)T

A ,

SA0
I − tt̄ : i(aI + ibIγ5) = iη̃U

mt

v
(sinαu + i cosαuγ5)T

A . (4)

The couplings to gluons occur at one-loop and can be easily derived following Ref. [3]. The
CP violation in this case is due to phases in the couplings λ̃4,5. We find

F a
R = (

√
2GF )1/2 αs

8π

[

ηUIq

(

m2
t

m2
R

)

cosαu

−
9

4

v2

m2
s

(λ4 cosα4 + λ5 cosα5)
1

2

(

Is

(

m2
I

m2
R

)

+ Is(1)

)]

,

F b
R = (

√
2GF )1/2 αs

8π

1

2
ηU

m2
t

m2
s

f

(

m2
t

m2
R

)

sin αu ,

F a
I = (

√
2GF )1/2 αs

8π

[

−ηUI

(

m2
t

m2
I

)

sin αu

+
9

4

v2

m2
s

(λ4 sin α4 + λ5 sin α5)
1

6

(

5Is(1) + Is

(

m2
R

m2
I

))]

,

F b
I = (

√
2GF )1/2 αs

8π

1

2
ηU

m2
t

m2
s

f

(

m2
t

m2
I

)

cosαu . (5)

4

CP violating couplings

CP violation shows up as mixing of scalar and pseudo-
scalar components in the scalar mass eigenstates.
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color-octet, neutral scalars
• parameters chosen so that the resonance `stands 

out’ (minimally here)
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FIG. 4: dσ/dmtt̄ distributions without and with contribution of scalars in Case 1′, plotted in dotted

and solid line, respectively, in an unit of pb per 5 GeV bin. Dashed lines are for the distribution

after 400 < MT < 500 [GeV] (red long-dashed) and 600 < MT < 700 [GeV] (blue short-dashed)

cuts.

sensitivity for the asymmetry using only the dimuon channel could be δA1 ∼ 3 × 10−3 at
the LHC with an integrated luminosity of L = 10 [fb−1], when the events in full kinematical
region are taken into account. In Table III we have shown several examples utilizing kine-
matical cuts with resulting asymmetries enhanced as large as a few percent by enhancing the
scalar resoance contribution and avoiding cancellation between the two scalar contributions,
which could be observed at the LHC.

We have presented our analysis for the dimuon channel as this is the cleanest one. How-
ever, our study can be easily extended to other top-quark decay channels to increase statis-
tics. We have studied the CP asymmetries only in the top-quark pair production channel
via one new resonance. Other channels, such as SS pair production, also exhibit CP violat-
ing asymmetries and may be preferable in scenarios where the SS production cross-section
exceeds the single S production cross-section.
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FIG. 2: dσ/dÕ1 distributions for the events with |mtt̄ −mR,I | < 10 GeV in Case 1, where the SM

contribution is omitted. Thin dashed lines are for the zero CP phase case, but the same masses

and couplings as in Case 1.

resonances to be just above the tt̄ threshold and the other one near the high-end of the LHC
reach. With the same CP phases as in Case 1, the asymmetries are about 25% smaller in
this case.

We now turn to the question of observability of the raw asymmetries over the SM back-
ground of top-quark pairs. First, there is a matter of statistical sensitivity. At the LHC,
the total cross-section for tt̄ events is approximately σtt̄ = 850 pb. This implies that the
expected number of events in the dimuon channel is about 105 for an integrated luminosity
L = 10 [fb−1]. Therefore, an optimistic sensitivity for the asymmetry using only the dimuon

channel for one year of nominal LHC running, is δA1 = 1/
√

σtt̄ ∗ Bµµ ∗ L ∼ 3×10−3, where
Bµµ % 1/81 is the branching ratio of the dimuon channel. Of course this can be improved
significantly by considering other decay channels. For example, in Ref. [2] it is shown how to
use the lepton-plus-jets channel and purely hadronic channels to measure CP asymmetries.
A detailed analysis of all channels is beyond the scope of the present paper where we simply
seek to establish the possibility of a large raw asymmetry.

Second, as we have seen, the asymmetries due to the two resonances tend to cancel.
This indicates the need to isolate a certain window in top-quark pair invariant mass around
the resonance to extract a non-zero asymmetry. In the dimuon channel it is not possible
to reconstruct mtt̄ so we use the transverse mass MT for this purpose.1 The correlation
between these two variables is shown in Figure 3.

This complication would also be treated differently in other top-quark decay channels,

1 The transverse massMT is defined asMT =

√

(

E/T + E!!
T

+ Ebb̄
T

)2
−
(

"p/
T
+ "p !!

T
+ "p bb̄

T

)2
, where E/T =

∣

∣

∣

"p/
T

∣

∣

∣
,

"p/
T

is missing transverse momentum, "p !!(bb̄)
T

is vector-sum of dimuon (bb̄ pair) transverse momentum,

E!!(bb̄)
T

=

√

m2
!!(bb̄)

+
∣

∣

∣
"p !!(bb̄)
T

∣

∣

∣

2
with m!!(bb̄) the invariant-mass of dimuon (bb̄ pair).
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• asymmetry without QCD 
background: the two 
resonances induce 
opposite sign asymmetries
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0
1
1
)
0
3
0

mR != mI . These two masses are related by m2
R−m2

I = λ3v2. Throughout the calculation,

the scalars SR and SI (when not in a loop), are taken to be on-shell, in keeping with the

narrow width approximation. The loop functions Iq,s and f are defined by:

Iq(z) = 2z + z(4z − 1)f(z), Is(z) = −z(1 + 2zf(z)),

f(z) =
1

2

(

ln

(

1 +
√
1− 4z

1−
√
1− 4z

)

− iπ

)2

for z < 1/4

= −2

(

arcsin

(

1

2
√
z

))2

for z > 1/4. (2.6)

From this it follows that Is(1) = π2/9 − 1, a factor that generates some suppression in

contributions from scalar loops relative to top-quark loops.

3 Estimate of CP -odd asymmetries

We will now give numerical estimates for the triple-product correlations that will serve as

CP -odd observables. Following ref. [4–6], we know that the best observable for the case of

tt̄ production and decay is the correlation

Õ1 = εµναβ p
µ
b p

ν
b̄ p

α
µ+ pβµ−

bb̄ CM−−−−→ ∝ $pb · ($pµ+ × $pµ−). (3.1)

The first, covariant, expression is given in terms of the completely antisymmetric Levi-

Civita tensor, whereas the second one indicates its reduction to a simple triple-product

correlation in the bb̄ center-of-mass frame. The reasons to select this correlation from

the set described in ref. [4–6] are twofold. First, the dimuon decay of tt̄ is the cleanest.

Second, the fact that the tt̄ pair is produced from a scalar intermediate state prevents

the appearance of correlations involving the beam momentum. Note that although it

appears that this correlation requires distinguishing the b and b̄ jets, it is only necessary to

systematically associate one of the b jets with one of the muons. For example, the ”b”-jet

could be the one closest to the µ+.

To study the effect of the correlation eq. (3.1) we consider the laboratory frame distri-

bution dσ/dÕ1. The CP violating effects can be isolated by extracting asymmetric terms

from this distribution, either by a direct fit or by constructing the integrated counting

asymmetry

A1 ≡
Nevents(Õ1 > 0)−Nevents(Õ1 < 0)

Nevents(Õ1 > 0) +Nevents(Õ1 < 0)
. (3.2)

To measure this distribution (and its associated integrated asymmetry) we generate

events for the process pp → SI,R → tt̄ → bµ+νµb̄µ−ν̄µ with the aid of MadGraph [24–26].

To generate the signal events we implement the vertices of figure 1 into the MadGraph code.

We also use the default MadGraph SM processes to generate the corresponding events. In

all cases we use the default MadGraph cuts requiring the top quark and W boson inter-

mediate states to be within 15 widths of their mass shell, the transverse momentum pT
of both muons to be larger than 10GeV and the pseudo-rapidity of both muons to be

– 5 –

color octet raw asymmetries

Asymmetry around resonance
including SM amplitudes

Integrated asymmetry
including SM amplitudes MT cut

Case 1′
SR : A1 = −0.017(2)
SI : A1 = 0.029(4) A1 = 0.0002(5)

Low : A1 = −0.0045(10)
High : A1 = 0.0141(23)

Case 2′
SR : A1 = −0.013(2)
SI : A1 = 0.021(4) A1 = −0.0007(5)

Low : A1 = −0.0026(10)
High : A1 = 0.0120(23)

Case 3′
SR : A1 = −0.026(2)
SI : A1 = 0.030(4) A1 = −0.0022(5)

Low : A1 = −0.0071(10)
High : A1 = 0.0136(23)

Case 4′
SR + SI :

A1 = −0.009(2) A1 = −0.0003(5) Low : A1 = −0.0023(10)

Case 5′
SR : A1 = −0.021(2)
SI : A1 = 0.041(10) A1 = −0.0016(5)

Low : A1 = −0.0059(8)
High : A1 = 0.023(4)

TABLE III: CP asymmetries for the illustrative cases of Table II including SM top-quark pair

events. In the first column we define the asymmetry in the window |mtt̄ − mI,R| < 10 GeV.

In the middle column, we show the integrated asymmetry over the full mtt̄ range. In the last

column, we illustrate how to isolate the resonances with more realistic cuts in the transverse mass.

We use 400 < MT < 500 [GeV] for low mass and 600 < MT < 700 [GeV] for high mass cuts for

Cases 1′ to 4′. For Case 5′ we use 300 < MT < 400 [GeV] for low mass and 800 < MT < 1000 [GeV]

for high mass cuts. The numbers in parenthesis are the statistical error in our simulation, which

is expected to be the same order as the statistical error for L = 400 [fb−1] at the LHC.

Appendix A: CP Violation with a Higgs boson

We review the salient features of CP violation in tt̄ production at the LHC induced by
a new Higgs-boson as discussed in Ref. [3]. The CP violation in a suitable extended Higgs
sector manifests itself in the form of a neutral Higgs mass eigenstate that has both scalar
and pseudo-scalar couplings to the top-quark. In general these couplings can be written as

L = −
mt

v
Ht̄(A+ iBγ5)t, (A1)

where A,B are real and A = 1, B = 0 corresponds to the standard model with one Higgs
doublet. Multi-Higgs models achieve maximal CP violation when A = B, and these cou-
plings reach the Weinberg unitarity bound, |AB| <∼ 1√

2
[13].

This Higgs-boson is produced at the LHC mostly via gluon fusion. Both the scalar and
pseudoscalar cases have been considered in the literature before and these results at leading
order can be summarized by the effective couplings

L =
[

FaGµνG
µν + FbG̃µνG

µν
]

H (A2)

12

Parameters
Decay Width

[GeV]
Resonance

cross-section [fb]
Raw asymmetry
around resonance

Case 1′
mR,mI = 500, 700 GeV,
ηU = 3,λ4,5 = 1, αu = π/4

SR : 24.3
SI : 47.7

SR : 60.4
SI : 24.0

SR : A1 = −0.127
SI : A1 = 0.103

Case 2′
mR,mI = 500, 700 GeV,

ηU = 3,λ4,5 = 8, αu,4 = −α5 = π/4
SR : 24.3
SI : 47.7

SR : 43.2
SI : 24.2

SR : A1 = −0.122
SI : A1 = 0.129

Case 3′
mR,mI = 500, 700 GeV,
ηU = 3,λ4,5 = 1, αu = π/8

SR : 18.8
SI : 52.5

SR : 75.8
SI : 26.9

SR : A1 = −0.117
SI : A1 = 0.076

Case 4′
mR = mI = 500 GeV,

ηU = 3,λ4,5 = 1, αu = π/8
SR : 18.8
SI : 29.9

SR + SI :
118.2

SR + SI :
A1 = −0.029

Case 5′
mR,mI = 400, 1000 GeV,
ηU = 3,λ4,5 = 1, αu = π/4

SR : 10.9
SI : 79.0

SR : 99.2
SI : 9.1

SR : A1 = −0.089
SI : A1 = 0.082

TABLE II: Parameter values, resonance SI,R decay-widths and production cross-sections σ(pp →

SI,R → tt̄ → bb̄µ+µ−νν̄) at the LHC
√
S = 14 TeV, and raw CP asymmetry for the five cases

discussed in the text with ηU = 3. The raw asymmetry is defined by taking into account the events

with |mtt̄ −mI,R| < 10 GeV.

(SM plus new resonances). In the first column we show the asymmetry diluted by SM events.
We define this asymmetry using a 20 GeVmtt̄ window around the resonance. As expected, it
is roughly one order of magnitude smaller than the raw asymmetries for the resonant cross-
sections shown in Table II, and larger for SI which has a larger production cross-section. In
the second column we show how the asymmetry becomes even smaller when the whole mtt̄

range is used, due to the partial cancellation between the two resonances. Finally, in the
last column, we impose a realistic kinematic cut to simulate selecting different mtt̄ windows
to separate the two scalar contributions. Note that the numbers in parenthesis in Table III
give the statistical error in our simulation, which is expected to be the same order as the
statistical error for L = 400 [fb−1] at the LHC.

IV. RESULTS AND CONCLUSION

We have investigated the CP violating asymmetries that result in tt̄ events at the LHC
from new sources of CP violation associated with color-octet scalars. We have considered
the effect of two new sources of CP violation: a phase in the couplings of the new resonances
SI,R to top-quarks; and two phases in the quartic couplings of the scalar potential. We find
that the former is responsible for much larger CP violating effects than the latter. We have
shown that these models typically induce large raw asymmetries that can reach 12%.

Observation of the asymmetries is contingent to observation of the new resonance itself
and we have presented a rough numerical simulation that illustrates this. An optimistic
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Recent D0 measurement

• Sehwook Lee D0 PhD Thesis:

• Best result in lepton plus jets channel with 

• Consistent with 0 (SM) at the ~1.2σ

• statistical errors dominate, systematics under control at 
this level...

Physics Observables

• Physics observables for lepton+jets channel.

•   is the Levi-Civita tensor.

• P is the sum of the proton and anti-proton four-momenta.

• pj1 is the higher momentum jet from the hadronic W decay.

4

arXiv:0912.0707v2 (German Valencia, Sudhir Gupta)

sensitive to CP violation at the production vertex

20

channel [16].

O1 = ε(pt, pt̄, pb, pb̄)
tt̄ CM−−−−→∝ "pt · ("pb × "pb̄)

O2 = ε(P, pb + pb̄, pl, pj1)
lab−−→∝ ("pb + "pb̄) · ("pl × "pj1)

O3 = Qlε(pb, pb̄, pl, pj1)
bb̄ CM−−−−→∝ Ql"pb · ("pl × "pj1)

O4 = Qlε(P, pb − pb̄, pl, pj1)
lab−−→∝ Ql("pb − "pb̄) · ("pl × "pj1)

O7 = q̃ · (pb − pb̄)ε(P, q̃, pb, pb̄)
lab−−→∝ "pbeam · ("pb − "pb̄)"pbeam · ("pb × "pb̄) (1.41)

In these equations, the sum of the proton and antiproton four-momenta is denoted as P , and

q̃ represent the difference of the proton and antiproton four-momenta. Ql is the lepton charge.

p refers to the four-momentum and the subscripts t, b and l denotes top quark, b quark jet

and lepton. pj1 is the hardest jet four-momentum between two jets coming from hadronic W

decay. Also, T-odd but CP-even correlation can be induced by strong interaction (unitary)

phase. Eq. 1.42 are established to measure CP conserving contamination in the CP-odd signal.

Oa = ε(P, pb − pb̄, pl, pj1)
lab−−→∝ ("pb − "pb̄) · ("pl × "pj1)

Ob = Qlε(P, pb + pb̄, pl, pj1)
lab−−→∝ Ql("pb + "pb̄) · ("pl × "pj1) (1.42)

Using physics observables in Eq. 1.41 and 1.42, the integrated counting asymmetry is con-

structed to measure CP-odd violating asymmetry.

Ai ≡
Nevents(Oi > 0)−Nevents(Oi < 0)

Nevents(Oi > 0) +Nevents(Oi < 0)
(1.43)

Eq. 1.20 - 1.43 are written based on References [15, 16].

In this thesis, only the CP violation in the production vertex is considered and e+jets

and µ+jets channels that contain the contributions of e+jets and µ+jets coming from τ+jets

channel are discussed, which consist of one isolated lepton, missing transverse energy, two b-

quark jets and two light quark jets from W decay as final state. Figure 1.3 shows the lowest

order of lepton+jets channel for tt production event.

ε

"CP violating anomalous top-quark coupling in ppbar collision at √s = 1.96 TeV", 2011
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Conclusions
• The top physics program at LHC presents a unique opportunity to 

search for new sources of CP violation through simple kinematic 
correlations.

• For example, with 10 fb-1 at 14 TeV, the LHC would have a 5σ 

statistical sensitivity to the top cedm of 0.05 in units of mt-1. This 
is  about an order of magnitude away from some (new physics) model 
predictions.

• CP violating intrinsic asymmetries as large as 13% are possible in 
models with new scalar/pseudo-scalar resonances. 

• Observation of these asymmetries requires, however, identification 
of the new resonance above the QCD `background’.

• There already exists a D0 thesis measuring these observables. We 
urge ATLAS and CMS to carry out these measurements.
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